Stress granules (SGs) are transient membraneless organelles of nontranslating mRNA-protein complexes (mRNPs) that form during stress. In this study, we used multiple single-molecule FISH probes for particular mRNAs to examine their SG recruitment and spatial organization. Ribosome runoff is required for SG entry, as long open reading frame (ORF) mRNAs are delayed in SG accumulation, indicating that the SG transcriptome changes over time. Moreover, mRNAs are ∼20× compacted from an expected linear length when translating and compact ∼2-fold further in a stepwise manner beginning at the 5′ end during ribosome runoff. Surprisingly, the 5′ and 3′ ends of the examined mRNAs were separated when translating, but in nontranslating conditions the ends of long ORF mRNAs become close, suggesting that the closed-loop model of mRNPs preferentially forms on nontranslating mRNAs. Compaction of ribosome-free mRNAs is ATP independent, consistent with compaction occurring through RNA structure formation. These results suggest that translation inhibition triggers an mRNP reorganization that brings ends closer, which has implications for the regulation of mRNA stability and translation by 3′ UTR elements and the poly(A) tail. mRNP architecture in translating and stress conditions reveals an ordered pathway of mRNP compaction
Introduction
Stress granules (SGs) are transient membraneless organelles of nontranslating mRNA-protein complexes (mRNPs) that form when translation is limited (Buchan and Parker, 2009; Protter and Parker, 2016) . SGs are important because they are a cellular marker for translation status and play a role in the stress response (Kedersha et al., 2013) , and because mutations that inhibit SG disassembly or clearance are implicated in several degenerative diseases such as amyotrophic lateral sclerosis and multisystem proteinopathy (Dewey et al., 2012; Buchan et al., 2013; Kim et al., 2013; Li et al., 2013; Ramaswami et al., 2013; Mackenzie et al., 2017) . Moreover, the study of SGs may provide new insights into the assembly, organization, and functions of other non-membrane-bound RNA bodies such as the nucleolus, Cajal bodies, paraspeckles, and processing bodies.
SGs are enriched for mRNAs that are long and poorly translated (Khong et al., 2017; Namkoong et al., 2018) . This suggests a model wherein long mRNPs that exit translation during stress form numerous interactions with other long nontranslating mRNPs, leading to the formation of SGs. Some of these interactions that facilitate SG formation are mediated by RNA-binding proteins (Protter and Parker, 2016) , but intermolecular RNA-RNA interactions also appear to contribute to SG formation and to defining the SG transcriptome (Van Treeck et al., 2018 ). An unresolved issue is the relative timing of mRNPs exiting translation in response to stress and accumulating in SGs.
The timing of SG formation and the enrichment of long mRNAs in SGs creates a conundrum. SGs form within the first 10-15 min after the addition of arsenite (Kedersha et al., 2000; Wheeler et al., 2016 ), yet mRNAs with long ORFs, such as the SG-enriched mRNA AHN AK and DYNC1H1, which both have ORFs >10 kb long (Khong et al., 2017) , require at least 15 min for ribosome runoff once translation initiation is blocked. One possibility is that these long mRNAs can accumulate in SGs once a portion of their ORF is exposed and devoid of ribosomes, even if ribosomes near the 3′ end of the ORF are still elongating. Another possibility is that elongating ribosomes are removed from these mRNAs without having to reach the termination codon, perhaps by a mechanism analogous to ribosome quality control (Harigaya and Parker, 2010; Shoemaker et al., 2010; Brandman et al., 2012; Shoemaker and Green, 2012; Chiabudini et al., 2014; Brandman and Hegde, 2016) . Finally, it is also possible that mRNAs with a long ORF are slower at getting to SGs, which would require the SG transcriptome to change over time.
We used multiple smFISH probes for specific mRNAs to examine the timing of mRNA entry to SGs as well as their overall mRNP architecture, which revealed key aspects of mRNA targeting to SGs. First, complete ribosome runoff is required for mRNAs to enter SGs, as mRNAs with long ORFs are delayed in SG accumulation. This demonstrates that the SG transcriptome changes over time. We also observed that mRNAs are compacted from their expected linear length when translating, and compact even further in a stepwise manner because of ribosome runoff. We do not see evidence for the closed-loop model of mRNP organization while mRNAs are engaged in translation, although the distance between the 5′ and 3′ ends of long mRNAs shrinks disproportionally compared with the rest of the mRNA body when mRNAs become untranslated. We suggest the possibility that the closed-loop structure of mRNPs preferentially forms on nontranslating mRNPs.
Results
mRNAs with long ORFs are recruited to SGs more slowly than mRNAs with shorter ORFs To determine the relationship between SG assembly and the recruitment of mRNAs with long ORFs, we measured the extent of SG localization of several SG-enriched mRNAs (Khong et al., 2017) with various ORF lengths in U-2 OS cells (Nancy Kedersha and Paul Anderson, Brigham and Women's Hospital, Boston, MA) treated with arsenite for 15, 30, 45, and 60 min by singlemolecule FISH (smFISH). These include AHN AK, DYNC1H1, NOR AD, PEG3, ZNF704, CDK6, and NOR AD RNAs. AHN AK and DYNC1H1 mRNAs have long ORFs (∼17.5 and 14 kb, respectively), whereas the PEG3 and ZNF704 mRNAs have shorter ORFs (∼4.7 and 1.2 kb, respectively). The CDK6 mRNA is valuable because it has a short ORF (∼1 kb) but a very long 3′ UTR (∼10 kb), allowing us to distinguish effects of the overall transcript length from ORF length. We also examined when a long noncoding RNA, NOR AD, is recruited to SGs. The predicted ribosome runoff times (estimated using a translation elongation speed of 18 ribonucleotides/ second) for these mRNAs once translation initiation is blocked are shown in Table 1 . We performed these experiments in U-2 OS cells where arsenite induces robust eIF2α phosphorylation, which can be used as an approximate marker for when translation initiation is inhibited. Previous analysis indicated that in U-2 OS cells, translation initiation is inhibited by ∼8 min after arsenite addition .
A key result was that individual RNAs accumulated in SGs at different times, in a manner that correlated with their ORF length. Specifically, we observed that when cells were stressed for 30 min with arsenite, the long-ORF mRNAs, AHN AK and DYNC1H1 mRNAs, were minimally recruited to SGs (12%; Fig. 1 , A and B; and Fig. S1 ). In contrast, RNAs with shorter ORFs (PEG3, ZNF704, and CDK6) or no ORFs (NOR AD) were recruited to a greater degree (39-55%) at 30 min (Fig. 1, A and B; and Fig. S1 ). These results suggest the mRNA composition of SGs changes over time during arsenite stress, and although mRNAs with longer ORFs are highly enriched in SGs (Khong et al., 2017) , they accumulate slower.
Two additional observations suggest that the difference in the timing of mRNA recruitment to SGs is caused by elongating ribosomes. First, treatment of U-2 OS cells with arsenite and puromycin, which releases all elongating ribosomes from mRNAs, causes the AHN AK and DYNC1H1 mRNAs to be recruited to SGs at earlier times (30 min, P < 0.001), whereas recruitment of NOR AD, PEG3, ZNF704, and CDK6 RNAs showed no increase in recruitment at 30 min (not significant; 
AHN AK and DYNC1H1 mRNPs are generally compact under nonstress conditions
In other work, we had observed that during stress the 5′ and 3′ ends of the AHN AK mRNA were often close together (Moon et al., 2018 Preprint) . Similar compaction of three other mRNAs under a variety of stress conditions has been observed (Adivarahan et al., 2018) . To examine the overall architecture of mRNAs during normal and stress conditions, and how it related to mRNA entry into SGs, we used smFISH probes to the 5′ end, the 3′ end, and throughout the middle of the AHN AK and DYNC1H1 mRNAs (Figs. 2 A and 3 A). We first used these probes on unstressed cells where mRNAs are engaged in translation. We measured the distances between the center of the signal for each probe in three dimensions (see Materials and methods), which allowed us to determine the distribution of spacing for these probe sets on individual mRNA molecules.
We discovered that both AHN AK and DYNC1H1 mRNAs are more compact than expected from linear or hairpin models of translating mRNPs (Figs. 2 B and 3 B) , with most distances between different segments of AHN AK mRNPs <300 nm (Fig. 2 , B and C). The distances between the 5′ and 3′ ends of AHN AK mRNAs are usually larger (median ∼200 nm) than the distances between the 5′ end and middle (median ∼150 nm) or the 3′ end and middle of AHN AK mRNPs (median ∼150 nm). These distance measurements are much shorter than expected from the AHN AK mRNA contour length (5.4 µm) or from a possible polysome hairpin, which would be ∼2.7 µm. We estimate that the degree of compaction for the AHN AK mRNA relative to its contour length is ∼27-fold (using the median distance between the 5′ and 3′ ends compared with the extended contour length) or 18-fold (using the median distance between one end and the middle relative to half the contour length). We obtained similar results for the DYNC1H1 mRNA with the median compaction relative to DYNC1H1 mRNA contour length estimated to be between 21-and 14-fold (Fig. 3 , B and C). Similar compaction values were also observed for three other long mRNAs in translating conditions by Adivarahan et al. (2018) . These results
show that long mRNAs are not in an extended conformation even when engaged in translation and suggest possible mechanisms of mRNA compaction (see Discussion). AHN AK and DYNC1H1 mRNPs compact further under stress conditions A similar analysis during stress conditions revealed that the distances between all three smFISH spots for AHN AK and DYNC1H1 mRNAs shrink considerably under arsenite-treated conditions (Fig. 2, D and E; and Fig. 3, D and E) . For example, the median distance between the 5′ and 3′ ends, 5′ end and middle, and 3′ end and middle of AHN AK mRNAs are now ∼90, ∼130, and ∼100 nm, respectively. Relative to the contour length, the median compaction of AHN AK mRNAs in U-2 OS cells treated with arsenite is ∼62-or 24-fold: ∼62-fold if we measure the compaction by dividing the median end-to-end distances to the contour length and ∼24-fold if we measure the compaction by dividing the median end-to-middle distances to half . The nonstress samples are identical in panels C, E, and G and in Fig. 4 B. **, P ≤ 0.01; ***, P ≤ 0.001 (Student's two-tailed t test).
the contour length. Similar compaction values were also seen with DYNC1H1 mRNAs (Fig. 3, D and E) . The distances between all three smFISH spots for AHN AK and DYNC1H1 mRNAs also shrink considerably in heat shock conditions compared with nonstressed U-2 OS cells, with similar compaction values (Fig. 2, F and G; and Fig. 3, F and G) . Thus, in multiple stresses that inhibit translation initiation, we and others (Adivarahan et al., 2018) observe enhanced mRNP compaction.
Increased compaction of AHN AK and DYNC1H1 mRNPs under stress is a consequence of ribosome release from mRNA Because 80% of AHN AK and 53% of DYNC1H1 mRNAs are found in arsenite-induced SGs at 60 min, and similar percentages were seen for heat shock-induced SGs at 60 min (Khong et al., 2017) , we expect the compaction measurements for AHN AK and DYNC1H1 mRNAs are reflective of AHN AK and DYNC1H1 mRNAs found inside SGs. Because of technical limitations, we The smallest distances between the 5′ and middle and the 3′ and middle smFISH spots reach a cumulative frequency of ∼75% within 600 nm because the middle smFISH probes are not as effective and for ∼25% of DYNC1H1 mRNAs, a middle smFISH spot was not detected. ***, P ≤ 0.001 (Student's two-tailed t test).
have not been able to examine all three smFISH probes simultaneously with an SG marker. However, smFISH staining indicates that most AHN AK and DYNC1H1 mRNAs tend to cluster during stress, as expected by their strong enrichment in SG (Fig. 2, D and F; and Fig. 3, D and F) . This suggests that most AHN AK and DYNC1H1 mRNPs form compact assemblies inside SGs during a stress response. In principle, the increased compaction of AHN AK and DYNC1H1 mRNPs in SGs might be a consequence of ribosome release from mRNA and/or a consequence of increased macromolecular crowding possibly occurring inside SGs compared with the cytosol. We performed three analyses to distinguish these possibilities. First, we measured the distances between the 5′ and 3′ ends of AHN AK and DYNC1H1 mRNPs inside and outside SGs (Fig. 4 H) . We observed that the distances between the 5′ and 3′ ends of AHN AK and DYNC1H1 mRNPs showed a similar distribution inside and outside SGs (Fig. 4 H) , consistent with the increased compaction being independent of SG accumulation.
In a second experiment, we examined the organization of AHN AK and DYNC1H1 mRNPs by smFISH when U-2 OS cells were treated with puromycin ( Fig. 4 , A-D). Addition of puromycin leads to release of elongating ribosomes (Pestka, 1971 ) but does not lead to SG assembly, perhaps because translation initiation is ongoing and even partial ribosome engagement appears to block mRNA accumulation in SG (see Discussion). We observed that puromycin is sufficient to lead to increased compaction of the AHN AK and DYNC1H1 mRNPs (Fig. 4 , B and D), even though SGs do not form. Similar compaction of the MDN1, POLA1, and PRPF8 mRNPs with puromycin treatment has been reported in HEK293T cells (Adivarahan et al., 2018) .
In a third experiment, we examined the mRNP organization of AHN AK by smFISH when U-2 OS cells were treated with both arsenite and emetine (Fig. 4 , E-G). If ribosome release is why mRNPs compact under stress, the addition of emetine, a drug that irreversibly blocks ribosome movement along the mRNA (Grollman, 1966) , should inhibit AHN AK mRNP compaction during arsenite stress. We observed that emetine prevented AHN AK mRNP compaction during arsenite stress in U-2 OS cells (Fig. 4 , E-G). Similar distances between different segments of AHN AK mRNAs were observed in cells that were not stressed versus cells that were treated with both arsenite and emetine for 60 min (Fig. 4 F) . In contrast, a smaller distance between different segments of AHN AK mRNAs was observed when cells were treated with arsenite alone (Fig. 4 G) . These results argue that mRNP compaction is not caused by increased macromolecular crowding found inside SGs and instead is a consequence of the loss of elongating ribosomes during translation inhibition.
Compaction of mRNPs during arsenite stress proceeds in a 5′-to-3′ direction Because mRNP compaction is likely a consequence of ribosome release, we hypothesized that AHN AK and DYNC1H1 mRNP compaction under stress is mediated by intramolecular interactions that are formed within the ORF of mRNAs in the absence of ribosomes. If this model is accurate, mRNP compaction will begin at the 5′ end of the transcript, as elongating ribosomes translocate toward the 3′ end of the transcript once translation initiation is inhibited. This model predicts that the 5′ end to the middle of the mRNA will compact first, as elongating ribosomes move down the mRNA in the absence of new translation initiation, followed by a subsequent compaction of the middle and the 3′ end of AHN AK mRNPs as ribosomes finally exit the ORF and terminate translation. To examine this possibility, we stressed U-2 OS cells for 5, 10, 15, 20, 25 , and 30 min with 500 µM arsenite and examined the distances between the different regions of the AHN AK mRNA by smFISH (Fig. 5) .
Qualitatively, we observed that the distances between 5′ end and the middle are closer at 20 min after addition of arsenite, at which time the distances between the 5′ end and 3′ end or the middle and the 3′ end are still separated (Fig. 5 B) . Quantitatively, the distances between the 5′ end and the middle shrink considerably after 15 min (Fig. 5 D) , which correlates with the time ribosomes should be beginning to exit the 5′ portion of the coding region, taking into account that it takes 8 min after addition of arsenite to maximize eIF2α phosphorylation in U-2 OS cells . In contrast, the shrinkage in distances for the 5′ end to the 3′ end or the middle to the 3′ end is noticeable only at 25 min and significant at 30 min (Fig. 5, C and E) . These results fit with the model that mRNP compaction begins at the 5′ end, as ribosomes translocate toward the 3′ end during stress.
In contrast to the arsenite time course result, we observed that all three different segments of AHN AK mRNA shrink immediately after puromycin is added (Fig. 6, B-E) . Interestingly, we notice that although the distance between the 5′ and 3′ ends changes immediately with puromycin ( Fig. 6 C) , it keeps compacting up to 12 min after puromycin is added to cells. This differs from the changes in distances between 5′ end and middle or middle and 3′ end. This suggests that local compaction occurs at a faster rate than compaction of distant mRNA regions upon puromycin treatment (Fig. 6 , C-E). These observations are consistent with the model that intramolecular folding of the mRNA, through either RNA-RNA interactions or protein binding, as ribosomes expose the coding region, leads to the increased compaction of the nontranslating mRNA.
The 5′ and 3′ ends of the AHN AK and DYNC1H1 mRNPs are closer when nontranslating Under nonstress conditions, the 5′-to-3′ end distances of AHN AK and DYNC1H1 mRNPs are larger than one would expect based on specific models of a mRNP organization such as the closed-loop model of translation (median ∼200 nm; see Discussion). This suggests that the closed-loop model of translation either does not occur on these mRNAs or is transient. However, we noticed that the 5′ and 3′ ends of the AHN AK and DYNC1H1 mRNPs shrink disproportionally compared with the body of the mRNP under nontranslating conditions and reach a median distance between the ends of ∼50 nm (Fig. 2, E and G; Fig. 3, E and G; and Fig. 4, B and D) . These results suggest that stress triggers a reorganization of mRNPs that disproportionally brings the 5′ and 3′ ends closer together.
To further examine the relationship between the 5′ and 3′ ends of these mRNAs, we measured the angles between the middle smFISH spots to the 5′ and 3′ ends for AHN AK and DYNC1H1 sm-FISH spots (Fig. 7 A) . We observed that, in nonstress conditions, the angles can vary considerably, but most angles are <90°, with a median angle of ∼60° (Fig. 7, B and C) . This observation suggests that these mRNAs are not linear in cells and, on average, the 5′ end is closer to the 3′ end than expected by chance, perhaps because of features of polysomes or RNA-binding proteins (see Discussion).
A striking result was that under nontranslating conditions, most angles were <45°, with a median angle of ∼20° (Fig. 7, B and Representative AHN AK and DYNC1H1 smFISH images of U-2 OS cells treated with 10 µg/ml puromycin for 60 min or treated with 0.5 mM NaAsO 2 and 1 µM emetine (eme) for 60 min. Cells were stained with smFISH probes that bind specifically to the 5′ end (false-colored red), middle (false-colored blue), and 3′ end (false-colored green) of AHN AK and DYNC1H1 mRNAs. Right: 3D rendering of smFISH spots by Bitplane Imaris imaging analysis software. Scale bar: 250 nm. (B, D, F, and G) Cumulative frequency graphs (in fractions) of smallest distances between 5′ to 3′ end smFISH spots (solid lines), 5′ end to middle smFISH spots (dash lines), and middle to 3′ end smFISH spots (dotted lines) in unstressed cells (black), 10 µg/ml puromycin-treated cells (blue), 0.5 mM NaAsO 2 -treated cells (green), and 0.5 mM NaAsO 2 plus 1 µM eme-treated cells (gold). More than 990 smallest distances were quantified for each sample (n = 1,107 [AHN AK puromycin], n = 992 [DYNC1H1 puromycin], n = 1,216 [nonstress, F and G] , n = 999 [NaAsO 2 , F and G], and n = 1,181 [NaAsO 2 plus emetine, F and G]). Scale bar: 250 nm. (H) Cumulative frequency graph (in fractions) of smallest distances between 5′ to 3′ end smFISH spots (solid lines) inside and outside SG in U-2 OS cells stressed with 60-min 0.5 mM NaAsO 2 . More than 290 smallest distances were quantified (n = 550 [inside], n = 296 [outside]). The analysis was performed with the experimental results as shown in Fig. 2 (B and C) . *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001 (Student's two-tailed t test). C). Because the mRNAs were compact under these conditions, we were concerned that the small spacing between the smFISH spots might skew this analysis. Given this, we performed a second analysis in which we limited our analysis to specific mRNAs where the total distance between the 5′ end to middle and the middle to 3′ end is between 0.3 and 0.6 µm, with the goal of increasing our ability get an accurate angle measurement. This analysis also showed a dramatic reduction in the angle between the 5′-middle-3′ signals (Fig. S5 ). This provides a second line of evidence that when mRNAs exit translation, the distance between the 5′ and 3′ ends of AHN AK and DYNC1H1 mRNPs is notably compacted, perhaps because of the polymer nature of the mRNA (see Discussion).
The distance between the 5′ and 3′ ends of SunTagx32-DYNC1H1 reporter mRNAs are longer when engaged in translation The above results show a correlation between mRNP architecture based on the expected translation status of the mRNAs. To directly examine the architecture of translating and nontranslating mRNAs, we obtained HeLa cells stably expressing SunTagx32-DYNC1H1 and single-chain variable fragment (scFv)-GFP (Xavier Pichon and Edouard Bertrand, Institut de Génétique Moléculaire de Montpellier, Montpellier, France; Pichon et al., 2016) . This cell line allows us to simultaneously monitor DY-NC1H1 mRNA engaged in translation in a single-molecule manner by detecting the 32 copies of the SunTag in the nascent peptide, while the architecture of the same mRNA can be determined by smFISH (Fig. 8 A) . The bright scFv-GFP foci (false-colored as gray) as documented by Pichon et al. (2016) and confirmed here are SunTagx32-DYNC1H1 mRNAs engaged in translation because they are sensitive to translation inhibition by puromycin or arsenite (Fig. 8 B) . Moreover, corresponding SunTag and DYNC1H1 3′ end smFISH spots are almost always observed in proximity to the bright scFv-GFP foci (false-colored in blue) in nonstress conditions (Fig. 8 D) . We observed that the 5′ and 3′ ends are further apart when SunTagx32-DYNC1H1 mRNAs are engaged in translation compared with cells treated with puromycin, where we observe the nascent peptide is released from the mRNAs (Fig. 8 , B, D, and E). These results directly demonstrate that translating mRNAs are less compact than mRNAs that have been released from ribosomes.
mRNA compaction is ATP independent
In principle, mRNA compaction could be driven by RNA-RNA interactions and be independent of any energy input. Alternatively, mRNA compaction after ribosome release could require energy input, perhaps through the action of specific helicases. Previous results have shown that ATP depletion blocks SG formation , which could be caused by a defect in ribosome release or mRNP remodeling. To examine the role of ATP in mRNA compaction, we first asked how ATP depletion affects ribosome release after inhibition of translation initiation. For this experiment, we depleted ATP from cells using 2-deoxyglucose (2DG) and carbonyl cyanide m-chlorophenyl hydrazone (CCCP; Jain et al., 2016) and examined whether the SunTagx32-DYNC1H1 mRNA maintained its association with ribosomes during arsenite stress as assessed by the presence of the nascent peptide chain. Arsenite treatment alone caused the SunTagx32-DYNC1H1 mRNA to lose its association with nascent chains, as expected from ribosome runoff (Fig. 8 B) . In contrast, in cells depleted for ATP, the SunTagx32-DYNC1H1 mRNA maintained its association with nascent chains even after arsenite treatment (Fig. 8 C) . This is consistent with ribosome elongation and release requiring energy and provides a molecular explanation for why ATP depletion limits SG formation .
To determine whether ATP depletion could affect mRNA compaction directly, we used puromycin to release ribosomes independently of elongation. In ATP-depleted cells, puromycin was still effective at releasing nascent chains from the SunTagx32-DY-NC1H1 mRNA (Fig. 8 C) . Moreover, even when ATP was depleted, the SunTagx32-DYNC1H1 mRNA compacted to the same extent as seen in the presence of ATP (Fig. 8, F and G) . Thus, mRNA compaction following ribosome release is independent of energy. Discussion mRNAs need to exit translation completely before entering SGs We present several observations that indicate mRNAs must be completely disengaged from translating ribosomes before entering SGs (Fig. 9) . First, mRNAs with long ORFs are slower at recruitment to SGs than mRNAs with short ORFs (Fig. 1, A and  B; and Fig. S1 ). Second, recruitment of mRNAs with long ORFs to arsenite-induced SGs is quicker when puromycin is added, which will rapidly disengage elongating ribosomes (Fig. 1, A and C; and Fig. S2) . Third, addition of cycloheximide to cells treated with arsenite for 30 min inhibits additional recruitment of RNA to SGs (Fig. 1, A and D; and Fig. S3 ), which indicates that the continued accumulation of AHN AK and DYNH1C1 mRNAs to SGs requires ribosome runoff. For mRNAs with long ORFs such as AHN AK and DYNH1C1, a large amount of the ORF will be exposed by 30 min of stress, yet only a small percentage of these mRNAs accumulate in SGs at that time. This argues that mRNAs must fully disengage from elongating ribosomes before stable accumulation in SGs. Additional evidence in support of this model comes from single-molecule experiments showing that mRNAs engaged with ribosomes can form only a transient association with SG and do not enter a stable association, which can be seen with nontranslating mRNAs (Moon et al., 2018 Preprint) .
It is an unsolved mystery why complete ribosome disengagement is required for stable association of mRNAs with SG. One possibility is that the mRNA association with the translation machinery increases the presence of helicases and/or protein chaperones that prevent or disengage interactions between the translating mRNP and SG. Alternatively, it may be energetically unfavorable for an 80S ribosome and its associated factors to enter the altered environment of a SG, either because of energetic costs of changes in solvation, or because the mesh size of an SG is smaller than an assembled 80S ribosome. mRNPs are compact in both translating and nontranslating states We present several observations that demonstrate mRNAs are compacted >10-fold relative to their contour length even when they are translating. First, under no stress conditions, the median distances between the 5′ and 3′ end of AHN AK and DYNC1H1 mRNPs are roughly ∼200 nm (Figs. 2 C, 3 C, and 8 D) . Relative to the AHN AK and DYNC1H1 mRNAs' contour lengths, 5.6 and 4.2 µm respectively, this is ∼28-and ∼21-fold compaction, respectively. Second, the median distances between the 5′ and middle or 3′ and middle of AHN AK and DYNC1H1 are roughly ∼150 nm (Figs. 2 C and 3) . Relative to half of its contour length, this is ∼19-and ∼14-fold compaction. Third, we notice that the angles between the middle and the 5′ and 3′ end of AHN AK and DYNC1H1 mRNPs are usually <90° (Fig. 7 , B and C; and Fig. S5 , B and C), which also suggests significant compaction of the ends relative to the linear length. Similar results are seen for the MDN1, POLA1, and PRPF8 mRNAs in HEK293 cells, indicating this is a general phenomenon (Adivarahan et al., 2018) .
We suggest two mechanisms to account for the compaction of mRNAs during nonstress conditions. First, we suggest that transient folding of the ORF region between elongating ribosomes compacts mRNAs (Fig. 9) . The average interribosome distance is estimated to be 150 nucleotides in yeast and 189 in mammalian cells (Arava et al., 2003; Hendrickson et al., 2009) , or from single-molecule translation assays in mammalian cells, the average interribosome distance is estimated to be between 200 and 900 nucleotides (Morisaki et al., 2016; Wang et al., 2016; Wu et al., 2016; Yan et al., 2016) . Additionally, for DY-NC1H1 mRNPs specifically, it is estimated that on average each DYNC1H1 mRNA has approximately seven ribosomes (Pichon et al., 2016) . Because a ribosome footprint is ∼30 nucleotides (Steitz, 1969; Wolin and Walter, 1988) , this suggests that most of the nucleotides in the ORF are not covered with ribosomes. We estimate that ∼80-98% of the ORF nucleotides for most mRNAs, and ∼98% for DYNC1H1 mRNA, are not engaged with ribosomes. Therefore, the ORF region can form significant intramolecular interactions with itself, or with the 5′ and 3′ UTRs. Supporting this model, an extensive physical association between the 3′ UTR and the ORF has been reported for mRNAs (Eldad et al., 2008) . Compaction of mRNAs caused by intramolecular RNA-RNA interactions is also consistent with our observation that compaction occurs even in ATP-depleted cells (Fig. 8) . Besides intramolecular interactions, the folding of the ORF region may be promoted by RNA-binding proteins or complexes by connecting different ORF regions of the mRNA.
A second mechanism of compacting translating mRNAs may arise from the architecture of polysomes, because the path a mRNA takes within each ribosome is curved (Agrawal et al., 1996) . Therefore, by its nature, a translating mRNA would be more compact compared with its contour length. Indeed, instances of circular, spiral, rosette, staggered line, double-row, and helical polysomes have been observed by traditional EM or more advanced cryo-EM and cryo-ET methods, all of which would compact the overall shape of the mRNA (Palade, 1955; Warner et al., 1962; Wettstein et al., 1963; Daneholt et al., 1977; Yazaki et al., 2000; Madin et al., 2004; Kopeina et al., 2008; Brandt et al., 2009 Brandt et al., , 2010 Afonina et al., 2013 Afonina et al., , 2014 Afonina et al., , 2015 Myasnikov et al., 2014; Viero et al., 2015) .
We and others (Adivarahan et al., 2018) observe that, under stress conditions, when mRNAs stop translating, mRNPs compact further (Fig. 9) . Specifically, the distances between the 5′ to 3′ ends, 5′ end to the middle, and 3′ end to the middle are smaller for AHN AK and DYNC1H1 mRNAs under a variety of conditions that cause mRNAs to disengage from elongating ribosomes, such as arsenite, heat-shock, and puromycin but not emetine (Figs. 2, 3, and 4) . This additional compaction appears to be a consequence of translational shutoff and not a consequence of being inside SGs for two reasons (Fig. 9) . First, compaction is similar inside and outside SGs (Fig. 4 H) . Second, puromycin treatment also compacts AHN AK and DY-NC1H1 mRNPs without inducing SGs (Fig. 4, A-D) . The most straightforward interpretation for increased mRNP compaction during stress is mRNAs forming increased intramolecular interactions in the absence of translating ribosomes. This interpretation is supported by the fact that the compaction precedes temporally in a 5′-to-3′ manner that correlates with ribosomes transiting toward the 3′ end of AHN AK mRNAs after the addition of arsenite (Fig. 5) .
The spatial relationship between the 5′ and 3′ ends changes with stress We observed that mRNPs are reorganized during stress in a manner in which the distances between the ends are now smaller than the distances between the ends to the middle for AHN AK and DYNC1H1 mRNAs (Fig. 9) . Specifically, the median distance between the 5′ and 3′ end is ∼50 nm during stress, whereas the median distance between the 5′ end to the middle or 3′ end to the middle is ∼100 nm (Fig. 2, E and G; Fig. 3 , E and G; and Fig. 4, B  and D) . This is different with respect to translating mRNPs; the median distance between the ends (∼200 nm) is larger than the median distance between the 5′ end or 3′ end to the middle (∼150 nm; Figs. 2 C and 3 C). In support of the 5′ and 3′ ends being in proximity under stress, we also observed that the angles between the middle and the ends of AHN AK and DYNC1H1 mRNAs are now considerably smaller under stress (Fig. 7 , B and C; and Fig. S4, B and C) .
We suggest two possible mechanisms for why the 5′ and 3′ ends may enter closer proximity during stress. One hypothesis is that the closed-loop conformation is a nonstable state during translation and that in the absence of translation, the closed loop conformation can form through interactions of eIF4E, eIF4G, and Figure 9 . Model depicting mRNP compaction and mRNA recruitment to SGs. Under nonstress conditions, mRNPs are engaged in translation. Relative to its contour length, significant compaction was observed. During the early stages of stress, ribosomes will migrate toward the 3′ end of mRNAs and mRNAs start to compact at the 5′ end, most likely because of intramolecular interactions formed. When mRNA exits translation, the mRNP compacts further and the ends are disproportionally close. One hypothesis is the closed-loop conformation is reestablished. Some of these mRNPs, preferentially long mRNAs, start to accumulate in SGs via intermolecular interactions formed with other mRNPs.
PABP where eIF4E binds to the m 7 G cap, PABP binds to poly(A) tail, and eIF4G binds to both eIF4E and PABP (Hinnebusch and Lorsch, 2012; Fig. 9) . Alternatively, or in addition, the 5′ and 3′ ends of mRNPs may be close during stress because of an intrinsic property of "naked" RNAs to fold in a manner that brings the ends in proximity. Several computation studies suggest that the ends of mRNAs are close (<10 nm) for RNAs in solution (Fang et al., 2011; Yoffe et al., 2011; Clote et al., 2012) . Moreover, an in vitro FRET-based assay indicates that for all 11 mRNAs examined, the distance between the 5′ and 3′ ends is <10 nm (Lai et al., 2018 Preprint) . This distance is significantly smaller than one would expect if it these RNAs were behaving as a random coil in solution (Lai et al., 2018 Preprint) . Therefore, under stress conditions, if most mRNAs are now exposed and can form significant intramolecular interactions, the properties of RNA as a polymer might promote the interaction of the 5′ and 3′ ends.
To consider whether there could be a direct interaction between the 5′ and 3′ ends of mRNAs at the distances estimated from our smFISH analysis, we estimated what distance we would observe by smFISH for a classic eIF4E-eIF4G-PABP closed-loop structure (Fig. S5) . In a closed-loop model with PABP interacting with eIF4G, the distance between the m 7 G-cap and the poly(A) tail ends should be <20 nm, because the diameter of an average protein is ∼3-6 nm (Milo et al., 2010) . We estimate the distance between the m 7 G-cap and the last nucleotide that precedes the poly(A) tail to be ∼50 nm, because the average poly(A)-tail of a mammalian mRNA is <100 nucleotides (Chang et al., 2014) , and when fully extended is ∼30 nm in length (Milo et al., 2010) . Finally, given where the 5′ and 3′ end smFISH probes bind on AHN AK and DYNC1H1 mRNAs, and provided if the overall compaction of AHN AK and DYNC1H1 mRNAs is similar at the ends (>20 fold), we estimate that a distance <80-65 nm between 5′ end and 3′ end of AHN AK and DYNC1H1 smFISH spots, respectively, could support a closed-loop conformation (Fig. S5 ). Although these calculations should be taken as ballpark estimates, they would suggest that <20% of AHN AK and DYNC1H1 translating mRNPs have distances between the ends supporting a closedloop conformation. In contrast, during stress, when mRNAs exit translation, >50% of AHN AK and DYNC1H1 mRNAs have distances that are consistent with the closed-loop conformation (Fig. 2, E and G; Fig. 3, E and G; and Fig. 4, B and D) . Similar results have also been described for the MDN1, POLA1, and PRPF8 mRNAs (Adivarahan et al., 2018) , suggesting that this effect is not limited to the mRNAs we have examined. Thus, one mechanism for the shortened distance between the 5′ and 3′ ends during stress could be direct protein-protein interactions (Fig. 9) .
The observation that the distances between the ends of translating mRNPs are typically large (greater than 100 nm) is surprising with respect to many aspects of established RNA biology. For example, the closed-loop model is consistent with the observations that the poly(A) tail, and other 3′ UTR regulatory elements, can affect processes occurring at the 5′ UTR (e.g., miRNAmediated translation initiation repression). Our observations suggest that this is not physically possible for translating mRNPs unless there is a large network of protein-protein interactions that connect the ends (>20 proteins, because an average protein diameter is ∼3-6 nm). Alternatively, we hypothesize, based on observations derived from nontranslating conditions, that effects imparted by 3′ UTR regulatory elements on processes at the 5′ end will occur only when all translating ribosomes are released from the mRNA. If this is accurate, it suggests that translating mRNAs are likely unaffected by these 3′ UTR regulatory elements. However, when an mRNA loses all its translating ribosomes, most likely in a stochastic manner, these regulatory elements can now communicate with the 5′ end and affect mRNA fate. This leads to a model wherein 3′ UTR elements can affect events at the 3′ end of the mRNA, such as deadenylation, regardless of translation status, but the ability of the 3′ UTR and poly(A) tail to influence events at the 5′ mRNA end, such as translation initiation and decapping, would be more pronounced on mRNAs that have exited translation.
Materials and methods

U-2 OS and HeLa cells growth conditions
Human osteosarcoma U-2 OS cells (Kedersha et al., 2016) , maintained in DMEM with high glucose, 10% FBS, and 1% penicillin/ streptomycin at 37°C/5% CO 2 , were used in most experiments (Figs. 1, 2, 3, 4, 5, 6, and 7; and Figs. S1, S2, S3, and S4) . HeLa cells stably expressing SunTagx32-DYNC1H1 and the scFv-sfGFP (Pichon et al., 2016; Fig. 8) were also maintained in DMEM with high glucose, 10% FBS, and 1% penicillin/streptomycin at 37°C/5% CO 2 .
Sequential immunofluorescence and single-molecule FISH
The protocol was performed as described previously (Khong et al., 2017 . Briefly, U-2 OS or HeLa cells were seeded on sterilized coverslips in six-well tissue culture plates. At ∼80% confluence, medium was exchanged 60 min before experimentation with fresh medium. Experimentation was performed as indicated in each figure. U-2 OS and HeLa cells stably expressing SunTagx32-DYNC1H1 and scFv-sfGFP were treated with 500 µM NaAsO 2 , 10 µg/ml puromycin, 1 µM emetine, or 50 µg/ml cycloheximide. ATP was depleted by treating HeLa cells with 200 mM 2DG and 100 µM CCCP. After treating the cells, the medium was aspirated, and the cells were washed with prewarmed 1× PBS. The cells were then fixed with 500 µl of 4% paraformaldehyde for 10 min at room temperature.
After fixation, cells were washed twice with PBS, permeabilized in 0.1% Triton X-100 and PBS for 5 min, and washed once with PBS. Coverslips were transferred to a humidifying chamber and incubated in 5 µg/ml mouse α-G3BP1 antibody in PBS (ab56574; Abcam) for 60 min at room temperature. After incubation, the coverslips were transferred to a new six-well plate and washed three times with PBS. Coverslips were then transferred back to the humidifying chamber and incubated in goat α-mouse FITC-conjugated antibody in PBS (1:1,000 dilution; ab6785; Abcam) for 60 min at room temperature. The coverslips were transferred to a six-well plate and washed three times with PBS. Antibodies were then fixed on the cells by incubating coverslips with 500 µl of 4% paraformaldehyde for 10 min at room temperature.
After staining the cells with antibodies, smFISH was performed as described previously using Biosearch Technologies Stellaris buffers (SMF-HB1-10, SMF-WA1-60, and SMF-WB1-20). Specific smFISH probes were created using the Stellaris Probe Designer software designed by Biosearch Technologies. smFISH probes that bind to DYNC1H1, NOR AD, PEG3, ZNF704, CDK6, and the 5′ and 3′ ends of AHN AK mRNAs were designed previously (Khong et al., 2017; Moon et al., 2018 Preprint) . Newly designed smFISH probes include probes that bind to the middle of AHN AK mRNAs, 5′ end, middle, 3′ end, and SunTag DYNC1H1 mRNAs. These smFISH probes were made by conjugating 30 to 60 DNA oligos with ddUTP-Atto488, ddUTPAtto550, or ddUTP-Atto633 as described in Gaspar et al. (2017 ;  Table S1 ). ddUTP-Atto633 was a gift from Anne Ephrussi's lab (European Molecular Biology Laboratory, Heidelberg, Germany). CDK6 smFISH probes conjugated to Atto633 were made by Evan Lester in the Parker Lab (University of Colorado Boulder, Boulder, CA).
Imaging parameters
Fixed and stained U-2 OS and HeLa cells were imaged using a GE wide-field DeltaVision Elite microscope with an Olympus UPlanSApo 100×/1.40-NA Oil Objective lens and a PCO Edge sCMOS camera with appropriate filters at room temperature by SoftWoRx Imaging software as described previously . At least 25 Z-sections (0.2-µm step size) were captured for each image to include the entire cell. Imaging parameters were adjusted to capture fluorescence within the scope's dynamic range. After image collection, the images were deconvolved with built-in DeltaVision SoftWoRx Imaging software (method, enhanced ratio [aggressive] ; number of cycles, 10; and noise filtering, medium [200 nm]) as described previously . Images shown in the manuscript are Z-stacked by ImageJ (National Institutes of Health) with Fiji plugin and were adjusted by brightness and contrast accordingly to best illustrate results. All images shown are deconvolved except for Fig. 8 (B and C) .
Image analysis
All image analysis was performed using Bitplane Imaris image analysis software as described previously with the deconvolved images . To measure the fraction of smFISH spots in SGs in U-2 OS cells, please refer to Khong et al. (2018) .
We quantified the distances between the 5′ end, middle, and 3′ end of AHN AK and DYNC1H1 mRNAs with the help of Bitplane Imaris Imaging Analysis software in the following manner. (1) We load the deconvolved DeltaVision images in Bitplane Imaris Imaging Analysis Software (see imaging parameters), which reconstitutes each focal plane in 3D automatically. (2) We mask all fluorescent signal coming from the nuclei of cells of an image by using DAPI staining to define the nuclei. (3) We apply the spot creation wizard to identify the 5′ end, middle, and 3′ end AHN AK and DYNC1H1 smFISH spots using two parameters: a fixed xy-diameter spot size of 200 nm and a manually determined fluorescent quality threshold. Upon identification of smFISH spots, the spot creation wizard provides all x,y,z coordinates for the center of each smFISH spot which, we export as an Excel file. (4) We export the coordinates of all smFISH spots and compute the distances between all smFISH spots in different channels by applying the distance formula between two points in 3D space.
(5) We note the smallest distance between all smFISH spots of different channels. We assume that the smallest distance is the distance between two regions of a single AHN AK or DYNC1H1 mRNA molecule. (6) Last, any ambiguity in assigning all three smFISH spots to the same RNA is excluded from the analysis. With respect to angle measurements (Figs. 7 and S4) , with the smallest distances between smFISH spots provided as described above, we compute the angles between the middle smFISH spots to the 5′ and 3′ end smFISH spots by applying the law of cosines with three known sides.
The method used to quantify the distances between the 5′ Suntag smFISH spot and the 3′ end DYNC1H1 spot in Fig. 8 is identical to the approach described in the previous paragraph except for two key differences. (1) The distance is measured between the 5′ and 3′ end smFISH spots only when a corresponding scFv-GFP spot is identified in nonstress samples (Fig. 8 G; <2 µm away from 5′ Suntag fluorescent spot). (2) In addition, distances between the 5′ and 3′ end that are larger than 1 µm are not included in the analysis (Fig. 8 G) . The exclusion of data was applied because without a third smFISH (middle), there is ambiguity about whether the two spots are from the same RNA. 1 µm distance was chosen as a cutoff because the distances between the ends of DYNC1H1 mRNA was almost always <1 µm in nonstress and stress conditions (Figs. 3 and 4) .
Statistical analysis
Statistical analysis was performed using Prism 7 for Mac OS. Onetailed binominal distribution was applied in Fig. 1 for individual RNAs between U-2 OS cells treated for 30 min with NaAsO 2 versus U-2 OS cells treated for 30 min with NaAsO 2 and puromycin; the p-values are indicated in the text. Statistical analysis was performed in Figs. 2, 3, 4 , 5, and 6 by applying Student's t tests. Two-tailed Student's t test was performed in Figs. 2, 3, 4 , and 8. One-tailed Student's t test was performed in Figs. 5 and 6 because we expected the distance to shrink with arsenite and puromycin overtime as described in Figs. 2, 3 , and 4.
Online supplemental material Figs. S1, S2, and S3 are representative images of the quantified results shown in Fig. 1 . Some images shown in Fig. 1 are the zoomed-in images shown in Figs. S1, S2, and S3. Fig. S4 shows that the ends of AHN AK and DYNC1H1 mRNAs disproportionally shrink relative to the middle segments when U-2 OS cells are stressed. This is similar to Fig. 7 , except the analysis was restricted to distances of 0.3-0.6 µm between 5′ end to middle and middle to 3′ end smFISH spots. Fig. S5 is a cartoon schematic of distances between 5′ and 3′ end smFISH spots AHN AK and DYNC1H1 mRNAs that we estimate to be consistent with the closed-loop translation model. Table S1 lists the DNA oligo sequences that were used to make smFISH probes.
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